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Key points

• The human ∼24 h circadian pacemaker ensures appropriate timing of physiological,
behavioural and metabolic events and is synchronized to the 24 h day primarily by the 24 h
light–dark cycle.

• The direction and magnitude of photic resetting depend on the timing of light exposure, and
are described by a phase response curve (PRC).

• The human circadian photoreception system is functionally and anatomically distinct from the
visual system and employs a novel photoreceptor, melanopsin, which is maximally sensitive to
short-wavelength (blue) visible light.

• We constructed a PRC to 6.5 h of blue (480 nm) light and compared it with a prior 6.7 h white
light PRC; the blue light PRC achieved ∼75% of the resetting response of the white light PRC.

• This study suggests that short-wavelength visible light exposures may be more efficient
than traditional high-intensity white light exposures for treatment of circadian rhythm sleep
disorders.

Abstract The photic resetting response of the human circadian pacemaker depends on the timing
of exposure, and the direction and magnitude of the resulting shift is described by a phase response
curve (PRC). Previous PRCs in humans have utilized high-intensity polychromatic white light.
Given that the circadian photoreception system is maximally sensitive to short-wavelength visible
light, the aim of the current study was to construct a PRC to blue (480 nm) light and compare
it to a 10,000 lux white light PRC constructed previously using a similar protocol. Eighteen
young healthy participants (18–30 years) were studied for 9–10 days in a time-free environment.
The protocol included three baseline days followed by a constant routine (CR) to assess initial
circadian phase. Following this CR, participants were exposed to a 6.5 h 480 nm light exposure
(11.8 μW cm−2, 11.2 lux) following mydriasis via a modified Ganzfeld dome. A second CR was
conducted following the light exposure to re-assess circadian phase. Phase shifts were calculated
from the difference in dim light melatonin onset (DLMO) between CRs. Exposure to 6.5 h of
480 nm light resets the circadian pacemaker according to a conventional type 1 PRC with fitted
maximum delays and advances of −2.6 h and 1.3 h, respectively. The 480 nm PRC induced ∼75%
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of the response of the 10,000 lux white light PRC. These results may contribute to a re-evaluation
of dosing guidelines for clinical light therapy and the use of light as a fatigue countermeasure.
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Introduction

In mammals, multiple physiological, endocrine,
behavioural and molecular rhythms cycle with a period of
approximately 24 h, and are governed by an endogenous
clock located in the suprachiasmatic nucleus (SCN) of
the hypothalamus (Stephan & Zucker, 1972; Klein et al.
1991). In order to ensure that rhythms are appropriately
synchronized with the solar day, the SCN is entrained
daily by the environmental light–dark cycle. Retinal light
exposure is the preeminent synchronizer of circadian
rhythms in mammals, including humans (Czeisler et al.
1989; Czeisler, 1993). Photic input is detected exclusively
by the eyes and transmitted via the retinohypothalamic
tract (RHT) to the SCN. Light elicits multiple circadian,
neuroendocrine and neurobehavioural responses,
sometimes termed ‘non-visual responses’, including
melatonin suppression and circadian phase resetting.
These responses depend on light timing, intensity,
wavelength, pattern, duration and light exposure history
(Czeisler & Gooley, 2007).

The effect of light timing on the phase resetting
response is described by a phase response curve (PRC)
which expresses the magnitude and direction of the
phase shift as a function of the time that the stimulus
is given (Hastings & Sweeney, 1958; DeCoursey, 1961;
Winfree, 1980). PRCs can be classified as ‘type 1’ (weak)
or ‘type 0’ (strong) based on the average slope of the
plot of the initial and final circadian phase following a
resetting stimulus. Published light PRCs in humans to date
have employed high-intensity polychromatic white light
sources (intensity range: 3000–10,000 lux). While direct
comparison of these PRCs is difficult due to differences
in methodology, they are generally consistent and show
that light exposures occurring in the early biological night
induce a phase delay shift of the circadian pacemaker,
whereas light exposures occurring in the late biological
night/early morning induce a phase advance shift. Most
of these PRCs report phase delays of less than 12 h, which
classifies them as type 1 (weak) (Honma & Honma, 1988;
Minors et al. 1991; Van Cauter et al. 1994; Khalsa et al.
2003). One study (Czeisler et al. 1989; Jewett et al. 1994)
showed type 0 resetting and accompanying amplitude

suppression following three consecutive days with light
pulses.

Light wavelength also determines the magnitude of
photic phase resetting. In addition to rod and cone photo-
receptors, the mammalian retina contains intrinsically
photosensitive retinal ganglion cells (ipRGCs), which
contain the opsin-based photopigment melanopsin
and are most sensitive to short-wavelength light
(λmax = ∼480 nm) (Provencio et al. 2000; Berson
et al. 2002; Hattar et al. 2002; Berson, 2003; Melyan
et al. 2005). This non-rod, non-cone photoreceptor
system is anatomically and functionally distinct from
those used for vision and in the absence of the
classical photoreceptors, melanopsin-containing ipRGCs
can account for all ‘non-visual’ photoresponses in
mammals, e.g. circadian entrainment (Panda et al. 2002;
Ruby et al. 2002; Hattar et al. 2003; Güler et al.
2008), pupil constriction (Lucas et al. 2001; Hattar
et al. 2003) and melatonin suppression (Lucas et al. 1999),
even in totally visually blind subjects (Czeisler et al. 1995;
Klerman et al. 2002b; Zaidi et al. 2007), although at a
reduced sensitivity in dim light (Gooley et al. 2010).
Analytic action spectra for melatonin suppression are
consistent with a novel non-rod, non-cone photoreceptor
system with peak sensitivity in the visible short-wavelength
range of 446–477 nm (Brainard et al. 2001; Thapan et al.
2001). When controlled for photon density, exposure to
short-wavelength 460 nm light at night induces greater
phase delay shifts, melatonin suppression and alerting
responses as compared to mid-wavelength 555 nm light,
the peak of photopic (colour) vision (Lockley et al. 2003,
2006; Cajochen et al. 2005). The phase-resetting effects of
short-wavelength light across different times of day have
not been studied, however, and therefore the aim of this
study was to construct a PRC to a 6.5 h monochromatic
light pulse (480 nm).

Methods

Ethical approval

The study was approved by the Human Research
Committee at Partners HealthCare System, in compliance

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society



J Physiol 591.1 Blue light phase response curve 355

with the Declaration of Helsinki. All participants gave
written informed consent prior to enrolling in the study
and were paid for their participation.

Participants

Twenty-one participants (10 females, mean age ± SD:
23.10 ± 3.43 years) were randomized and admitted for
the study to the Intensive Physiological Monitoring
Unit (IPM) of the Center for Clinical Investigation
(CCI) at the Brigham and Women’s Hospital (BWH;
Boston, MA, USA) and were studied for 9–10 days in an
environment free of time cues between May and December
2009.

Participants were screened for medical and
psychological health via examination, questionnaires,
interview, and comprehensive urine and blood tests.
Routine ophthalmology examinations were performed
before and after the study. The absence of colour-blindness
was confirmed before the study using the Ishihara test
(Ishihara, 1996). For at least 3 weeks prior to admission,
participants kept a self-selected, regular sleep–wake
schedule of 8 h of sleep and 16 h of wake that was verified
by calls to a time- and date-stamped voicemail in addition
to actigraphy for at least 1 week prior to admission
(Actiwatch-L, Philips-Respironics, The Netherlands).
Participants were required to abstain from caffeine,
nicotine, alcohol and other foreign substances for the
duration of the study from the beginning of screening
until completion, and compliance was evaluated by
toxicology tests during screening and upon admission.
In addition, female participants were confirmed to be
non-pregnant during screening and upon admission.
Female participants not using oral contraceptives were
tested in the luteal phase of their menstrual cycle
(based on menstrual history), and female participants
taking oral contraceptives were tested during times
when they took a contraceptive with a stable hormone
concentration.

Experimental protocol

During the 9–10 day protocol, participants remained in
an individual time-free suite. The protocol started with
three baseline days consisting of 8 h of scheduled sleep
in darkness (<0.02 lux, <0.00006 W m−2; black bars,
Fig. 1) and 16 h of scheduled wake in ambient light
(white bars, Fig. 1). Ambient light was provided by 4100K
fluorescent lamps (Philips Lighting, The Netherlands)
with digital ballasts (Lutron Electronics Co., Inc., PA, USA)
transmitted through a UV-stable filter (Lexan 9030 with
prismatic lens, GE Plastics, MA, USA) and light levels were
approximately 90 lux at the cornea [0.23 W m−2 (∼89 lux)
at 137 cm from the floor in the vertical plane and had

a maximum of 0.48 W m−2 (∼150 lux) when measured
in the horizontal plane at a height of 187 cm anywhere
in the room]. Halfway through day 3, the light intensity
was dimmed to ∼0.5 lux (0.001 W m−2) [at 137 cm from
the floor in the vertical plane with a maximum <3 lux
(0.01 W m−2) at 187 cm from the floor in the horizontal
plane anywhere in the room] for the remainder of the
study (grey bars, Fig. 1). Participants were in darkness
during scheduled sleep (black bars, Fig. 1). At wake time
on day 4, participants began an initial ∼30–52 h constant
routine (CR) in <3 lux during which time participants
remained awake in a semi-recumbent position in
bed, with consumption of equal isocaloric snacks at
hourly intervals while being constantly monitored by
a technician to maintain wakefulness (Duffy & Dijk,
2002).

Following an 8 h sleep episode, participants were
exposed to monochromatic 480 nm light (11.8 μW cm−2;
2.8 × 1013 photons cm−2 s−1; ≤15 nm half-peak band-
width) for 6.5 h via a modified Ganzfeld dome (Brainard
et al. 2001) centred in the 16 h wake episode (Lockley
et al. 2003; Gooley et al. 2010). The monochromatic
light source was generated by using a 1200 W xenon
arc lamp and a grating monochromator. Power readings
were taken regularly throughout the light exposure to
ensure constant irradiance, using an IL-1400 radiometer
with an SEL-033/F/W detector (International Light, Inc.,
Peabody, MA, USA) by fixing the light meter to the
front of the dome at approximately eye level. The average
corneal irradiance achieved during the light exposure was
11.75 ± 0.16 μW cm−2 (mean ± SD).

From 95 min prior to and throughout the light
exposure, participants remained seated (Deacon & Arendt,
1994), and 15 min prior to the start of the light
exposure, one drop of 0.5% cyclopentolate HCI (Cyclo-
gyl, Alcon Laboratories, Fort Worth, TX, USA) was
administered in each eye to dilate the pupil (Gaddy
et al. 1993). Participants wore black-out goggles after the
pupil dilator was administered until the start of the light
exposure. Throughout the monochromatic light exposure,
participants were asked to keep their gaze fixed for 90 min,
while resting their head on a chin rest, before changing to
a free gaze for 10 min, repeated throughout the exposure.
Participants were monitored continuously by a technician
to ensure compliance. Light timing was randomized to 1
of 18 circadian phases separated by 80 min (=20 deg inter-
vals) according to habitual wake-time. Inter-individual
differences in phase angle of entrainment contributed to
a slightly varied interval of final light exposure phases.
Following another 8 h sleep episode, participants started a
second CR (∼32–55 h), followed by a 10 h recovery sleep
episode before discharge. Figure 1 shows an example of a
phase delay (A), and a phase advance (B) protocol, and
the corresponding individual melatonin profiles (C and
D, respectively).
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Melatonin

Starting on day 2, an indwelling, intravenous catheter was
inserted in each participant’s forearm vein and plasma
samples were collected every 20–60 min. Samples were
analysed by radioimmunoassay (Buehlmann Laboratories
AG, Schoenebuch, Switzerland). The limit of detection was
0.01 pg ml−1; the inter-assay coefficient of variation (CV)
was 10.79% at a level of 1.80 pg ml−1 and 8.01% at a level
of 14.20 pg ml−1. The intra-assay coefficient of variation
(CV) was 5.8% at a level of 1.98 pg ml−1 and 10.64% at a
level of 13.96 pg ml−1.

Phase shifts (mean ± SD) were calculated as the
difference between initial phase and final phase of the
melatonin rhythm measured during the first and second
CR, respectively (Fig. 1). Melatonin phase was defined
as the dim-light melatonin onset (DLMO) calculated
from 25% of the fitted three-harmonic peak-to-trough
amplitude of the melatonin rhythm during the first
constant routine (Fig. 1) (Klerman et al. 2002a).

For PRC construction, the circadian phase of light
timing was determined as the time at which the onset of
the light exposure was administered relative to the DLMO
estimate from CR1. Per convention, phase delays are
plotted as negative values and phase advances as positive
values on the ordinate (Fig. 2).

Melatonin suppression

Melatonin suppression was calculated during the 6.5 h
monochromatic light exposure by calculating the area
under the curve (AUC) during the light exposure,
expressed as a percentage of the AUC during the
corresponding clock time 24 h earlier (Lockley et al. 2003).
Participants were categorized as having received their light
exposure either during their biological ‘night’ or biological
‘day’, with biological night defined as any portion of
the 6.5 h light exposure occurring between DLMO and
DLMOff 24 h earlier.

Figure 1. Study protocol
Example of a raster plot for a phase delay protocol (A) and a phase advance protocol (B). The y-axis depicts
consecutive study days and the x-axis clock time. White and grey bars indicate wake episodes in ambient light of
<150 lux or <3 lux, respectively; black bars indicate scheduled sleep in 0 lux. ‘L’ indicates the 6.5 h light exposure
and the black triangles show the timing of dim light melatonin onset (DLMO) before and after the light exposure.
C and D show the corresponding plasma melatonin profiles during constant routines (CR) for the subjects plotted
in A and B, respectively. The dashed line indicates the 25% value of the fitted peak-to-trough-amplitude DLMO.
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Figure 2. Phase response curve to 6.5 h of 480 nm light
Raw phase shifts in plasma melatonin DLMO are plotted as a
function of circadian phase (A). Circadian phase was computed as
the time at which light onset occurred relative to the DLMO estimate
from CR1. Per convention phase delays are negative on the y-axis
and phase advances are positive. Circadian phase 0 on the abscissa
refers to light onset coinciding with DLMO on CR1 with a negative
value indicating that the light onset was timed prior to CR1 DLMO
and a positive value indicating that light onset occurred after CR1
DLMO. Phase shifts were fitted with a two-harmonic function
(continuous line, B). According to the 95% confidence intervals
generated from the fit two-harmonic function (dotted lines, C),
phase shifts were significantly different from 0 at all phases
(continuous horizontal line, A–C) with no evidence of a dead zone.
The estimated drift due to intrinsic circadian period is illustrated by
the dashed line (−0.54 h over 3 cycles; Czeisler et al. 1999).

Core body temperature

Core body temperature (CBT) was recorded every minute
via rectal thermistor (Yellow Springs Instruments, Inc.,
Yellow Springs, OH, USA). CBT data were visually
inspected and non-physiological values due to sensor
movement and removals were excluded. The phase of CBT
minimum (CBTmin) was determined for CR1 and CR2
separately using a two-harmonic-regression statistical
model (Brown & Czeisler, 1992). Phase shifts were
calculated for the clock time difference in CBTmin between
CR1 and CR2.

Phase response curve

The PRC was fitted with a two-harmonic function of the
form

y = μ + A

(
π sin (x − φA )

12

)
+ B

(
π sin (x − φB )

6

)

(1)

where x is initial phase and y is phase shift. Parameters
μ, A, φA, B and φB, represent the mean phase shift
and the amplitudes and phases of the first and second
harmonics, respectively. These parameters were estimated
using a Levenberg–Marquardt algorithm and adjusted
R2 and 95% confidence intervals were computed from
the resulting fit function using the non-linear curve
fitting implementation in OriginPro 8.5 (Northampton,
MA, USA). Statistical comparisons of the monochromatic
480 nm 6.5 h PRC with a 6.7 h bright white light PRC
constructed previously under similar conditions (Khalsa
et al. 2003) were based on the 95% confidence intervals
of the two-harmonic fits of each PRC. Non-overlapping
confidence intervals indicated significant differences
between the PRCs.

Results

Participants

Two participants were excluded during the first constant
routine for failure to comply with the protocol, and
a third subject inadvertently received polychromatic
light exposure due to technical failure of the mono-
chromatic light source and was also excluded from this
analysis. Of the remaining 18 participants (9 female,
mean age ± SD: 23.72 ± 3.3 years), two participants did
not have sufficient data during one of the CRs for accurate
phase assessment using melatonin (29P9V; 26T2V9T2) or
temperature (29K6V, 26T2V9T2), and one participant had
insufficient data for calculation of melatonin suppression
(26T2V9T2).

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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Phase resetting

Exposure to a 6.5 h monochromatic light pulse resulted
in a conventional type 1 PRC (Fig. 2). Applying a
two-harmonic fit, the PRC showed a peak-to-trough
amplitude of 3.8 h with a maximum fitted advance of
1.3 h and a maximum fitted delay of −2.6 h (adjusted
R2 = 0.88) (Fig. 2B). The 95% confidence intervals show
that phase shifts were significantly different from zero
across all circadian phases with no evidence of a dead
zone (Fig. 2C). There was a significant correlation between
phase shifts in DLMO and CBTmin (N = 15; Pearson
R = 0.69; P = 0.004) (SPSS, version 15; IBM, Armonk,
NY, USA).

In Fig. 3, the 480 nm PRC is plotted together with
a previously published white light PRC, which used a
∼10,000 lux exposure in a similar experimental protocol
(4100K, Philips Lighting, The Netherlands) (Khalsa
et al. 2003). The white light PRC shows a peak-to-trough
magnitude of 5.5 h with maximum advances and delays
of 2.0 h and −3.4 h, respectively (adjusted R2 = 0.89)
(Fig. 3B). Figure 3C plots the 95% confidence intervals
for both the monochromatic 480 nm and polychromatic
10,000 lux white light PRCs. The two PRCs are not
significantly different except for a small window around
the maximal delay region (i.e. light onset ∼2 h before
DLMO) and maximal advance region (i.e. light onset
occurring between 3 and 6 h after DLMO).

Inherent in any phase-shifting response is a
contribution of the ‘drift’ due to the intrinsic period of
the endogenous circadian pacemaker, which equals a shift
of −0.54 h over three cycles (dashed horizontal line, Figs 2
and 3) based on published averages (24.18 h; Czeisler et al.
1999). In order to reduce the variance due to the intrinsic
circadian period, the two PRCs are also plotted based
on the phase shift calculated over two circadian cycles
(Lockley et al. 2003). The 95% confidence intervals of the
two PRCs overlap at all circadian phases and thus the PRCs
are indistinguishable (Fig. 4).

Melatonin suppression

Ten participants received light exposure during their
biological day and seven during their biological night.
Figure 5A illustrates the individual and average percentage
of melatonin suppression during the 6.5 h of blue light
occurring during the biological night (N = 10) ordered by
timing of light exposure onset. When the light exposure
began early in the biological night, close to DLMO, the
greatest amount of melatonin suppression was achieved
with the suppression staying fairly consistent across the
entire night (Fig. 5A, a and d). As the onset of the light
exposure progressed towards the early morning hours,
the amount of melatonin suppression is reduced as the

Figure 3. Comparison of phase response curve to 6.5 h of
480 nm light and 6.7 h of 10,000 lux white light
The phase response curve to 6.5 h of 480 nm light and 6.7 h of
10,000 lux white light for phase shifts calculated over three circadian
cycles using the DLMO estimate from CR1. The raw data (A) and
two-harmonic fits (B) for both the monochromatic 480 nm light
(black squares, black line) and 6.7 h polychromatic white light (open
grey circles, grey line) PRCs are shown. The 95% confidence intervals
generated from the fit two-harmonic functions (monochromatic
blue, dashed black line; polychromatic white, dashed grey line, C)
show that the two PRCs are not significantly different except for a
small window around the maximal delay and advance region. Phase
shifts were computed using either plasma (open symbols) or salivary
(filled symbols) melatonin for the 6.7 h polychromatic white PRC.
The plotting convention is described in the legend for Fig. 2.
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Figure 4. Comparison of phase response curve to 6.5 h of
480 nm light and 6.7 h of 10,000 lux white light
The phase response curve to 6.5 h of 480 nm light and 6.7 h of
10,000 lux white light for phase shifts calculated over two circadian
cycles. The raw data (A) and two-harmonic fits (B) for both the
monochromatic blue light (black squares) and 6.7 h polychromatic
white light (open grey circles) PRCs are shown. Both PRCs were fitted
with a two-harmonic function (monochromatic blue, continuous
black line; polychromatic white, continuous grey line, B). Due to
insufficient data to estimate DLMO, one subject was removed from
the 6.7 h PRC for this analysis. The 95% confidence intervals
generated from the fitted two-harmonic functions (monochromatic
blue, dashed black line; polychromatic white, dashed grey line, C)
show that the two PRCs are not significantly different. The plotting
convention is described in the legend for Fig. 2.

light exposure occurs at only the tail end of the melatonin
production window (Fig. 5Bb).

Discussion

This study demonstrates that exposure to a 6.5 h 480 nm
monochromatic light pulse resets the circadian system
according to a conventional type 1 PRC, with a maximal
delay of −2.8 h and a maximal advance of 1.4 h in
circadian melatonin rhythm (raw data). A two-harmonic
function fitted to the raw data resulted in a PRC with
a fitted peak-to-trough amplitude of 3.8 h. The PRC is
in accordance with the results reported in previous PRC
studies using 3–4 h white light pulses (Minors et al. 1991;
Dawson et al. 1993; Van Cauter et al. 1994) although shifts
are smaller than those reported in PRC studies using ∼6 h
white light pulses (Honma & Honma, 1988; Jewett et al.
1994; Khalsa et al. 2003). Previous studies that employed
a 6.5 h monochromatic light exposure of 460 nm with
equal photons under similar experimental conditions also
achieved comparable results, i.e. a phase delay shift of
∼3 h of the circadian melatonin rhythm following light
exposure administered in the biological night (Lockley
et al. 2003; Gooley et al. 2010).

In the original publication of the polychromatic 6.7 h
PRC (Khalsa et al. 2003), circadian phase was computed
as the midpoint of the light exposure relative to the
DLMO estimate on CR1, and adjusted for the phase
relationship between DLMO and CBTmin such that
circadian phase 0 corresponded to the midpoint of the
light exposure occurring at CBTmin. After replotting
the polychromatic 6.7 h PRC using the circadian phase
convention introduced in Fig. 2, the PRCs calculated over
two circadian cycles are virtually indistinguishable and
show the same magnitude of response (Fig. 4). Neither
PRC showed evidence of a ‘dead zone’, a time during
the day when light has no discernible effect on the
circadian pacemaker, which has been observed primarily
in nocturnal species (Pohl, 1982; Johnson, 1990; Jewett
et al. 1997; Comas et al. 2006).

While the monochromatic 480 nm PRC and the
10,000 lux white light PRC are similar, it should be noted
that the Khalsa et al. (2003) study differed in several ways:
(a) no pupil dilator was used; (b) the current study had
a fixed/free gaze interval of 90/10 min, whereas Khalsa
et al. used a fixed/free gaze interval of 6/6 min; (c) the
background light intensity for the last 8 h of baseline
day 3 did not change in the study of Khalsa et al. but
was reduced to <3 lux in the current study; (d) the light
source in Khalsa et al. was ceiling-mounted whereas a
modified Ganzfeld source was used in the current study;
and (e) the CR was conducted under <15 lux background
light in Khalsa et al. as compared with <3 lux in the
current study. The use of a pupil dilator is presumed to

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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increase retinal light exposure by a factor of ∼10, as it has
been demonstrated that high-intensity light constricts an
untreated pupil to an average diameter of 2 mm (surface
area 4 π mm2) from an unconstricted diameter of 6–7 mm
(surface area of 36 π–49 π mm2) (Spring & Stiles, 1949;
deGroot & Gebhard, 1952). Thus, after adjusting for
pupillary constriction, it appears that the 480 nm PRC
(∼12 μW cm−2 × 10) required only ∼4% of the energy
of the 10,000 lux white light PRC (3000 μW cm−2) yet
induced ∼75% of the response. While these results suggest
that the 480 nm light was more efficient at phase resetting
the clock, the relative efficacy cannot be fully quantified
from a single irradiance comparison with methodological
differences in light geometry and pupil dilator use.

Most previous comparisons of the efficacy of different
light stimuli to induce photic circadian resetting suffer
from some of the same limitations as our current
study. For example, Smith et al. (Smith & Eastman,
2009; Smith et al. 2009) compared the phase-shifting
properties of blue-enriched white light (17,000 K, Philips
Lighting, Eindhoven, The Netherlands) to standard
fluorescent white light (4100K), using commercially
available light boxes, and found no difference in the
magnitude of induced phase shifts, despite the fact
that the blue-enriched lamps were of lower illuminance
(4000 versus 6000 lux) and irradiance (1640 versus
1741 μW cm−2) than the white light lamps. One inter-

pretation of these results is that the blue-enriched 17,000 K
lamps are more efficient in inducing circadian resetting.
Another explanation might be that the responses were
saturated in both cases, precluding a comparison of their
relative efficacy. Indeed, Zeitzer and colleagues (2000)
showed that a 6.5 h light pulse of ∼1000 lux was sufficient
to induce maximum phase delays of the circadian system
and that increasing the intensity to 9100 lux did not
increase the response of the circadian system. Importantly,
however, a recent study by Brainard and colleagues
that compared fluence response curves for melatonin
suppression following exposure to narrow-band blue LED
light (λmax 469 nm) and polychromatic 4000 K white
fluorescent light, demonstrated a greater efficiency for the
blue LED light (West et al. 2011), consistent with our
current findings. Future studies aiming to quantify the
relative circadian efficacy of different light spectra require
construction of comparable fluence response curves
controlled for timing, duration, and other confounding
factors (Gooley et al. 2010).

There is some evidence that a spectrally targeted light
source will enhance efficiency and effectiveness of light
treatments by reducing the light irradiance and potentially
the duration of the treatment required. For example,
studies employing a spectrally targeted blue light source
in the treatment of seasonal affective disorder (SAD) can
achieve clinical benefits comparable with higher-intensity

Figure 5. Melatonin suppression throughout the biological night in order of timing of light exposure
A shows individual and average percentage melatonin suppression during the 6.5 h of blue light ordered by the
timing of the light exposure in relation to the timing of CR1 DLMO (numbers in the upper row represent the
timing of LE, the lower numbers represent the timing of CR1 DLMO in decimal hours). Melatonin suppression
is expressed as the area under the curve (AUC) during the light exposure expressed as the difference from the
AUC during CR1 for the corresponding clock times for individuals (open bars; N = 10) and as a group (filled bar:
mean ± SD). The vertical line indicates light exposures starting after midnight. B depicts four individual melatonin
profiles approximately 90 deg (∼6 h) apart during CR (filled symbols) and light exposure (open symbols). The open
box indicates the timing of the 6.5 h light exposure. In B, a, b and d correspond to the same individual indicated
in A.
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white light typically employed (2500–10,000 lux), at lower
irradiances and with relatively short exposures (45 min)
(Glickman et al. 2006; Anderson et al. 2009; Strong
et al. 2009; Meesters et al. 2011). The current study suggests
that similar benefits may be obtained when circadian phase
resetting is desired in the treatment of circadian rhythm
sleep disorders by using spectrally targeted light sources to
reduce exposure to unnecessarily high light intensities.
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